To detect and characterize autoreactive T cells in diabetes-prone NOD mice, we have developed a multimeric MHC reagent with high affinity for the BDC-2.5 T cell receptor, which is reactive against a pancreatic autoantigen. A distinct population of T cells is detected in NOD mice that recognizes the same MHC/peptide target. These T cells are positively selected in the thymus at a surprisingly high frequency and exported to the periphery. They are activated specifically in the pancreatic LNs, demonstrating an autoimmune specificity that recapitulates that of the BDC-2.5 cell. These phenomena are also observed in mouse lines that share with NOD the H-2 g7 MHC haplotype but carry diabetes-resistance background genes. Thus, a susceptible haplotype at the MHC seems to be the only element required for the selection and emergence of autoreactive T cells, without requiring other diabetogenic loci from the NOD genome.
Introduction
Type 1 diabetes, or IDDM, results from the destruction of pancreatic islet β cells by a complex autoimmune process to which both genetic and environmental factors contribute (1) (2) (3) . In humans, as in model NOD mice, genetic control is complex: the main genetic contribution to susceptibility resides in class II loci of the MHC, with particular sequences and structures in haplotypes that confer susceptibility in NOD and in diabetic patients (4) (5) (6) (7) (8) . In mice, as in humans, a complex assortment of other susceptibility "background" genes that affect immune function also contribute to diabetes risk (3, 9, 10) . IDDM is marked by the presence and activation of autoreactive T cells, whose origin remains a puzzle. It is not clear whether they result from a failure of central or of peripheral tolerance, and whether MHC susceptibility alleles or background genes play a determining role in their selection. It has been suggested, for example, that the particular MHC-II alleles of the NOD mouse, because they bind peptides with peculiar kinetics or specificity, may inefficiently affect negative selection of autoreactive cells (11) (12) (13) . Others have suggested that the background genes of the NOD mouse lead to poor negative selection and central-tolerance induction (14, 15) . Finally, it is not clear whether the disease in NOD mice depends on a central-tolerance defect that lets a large number of high-affinity cells escape, or on a peripheral incapacity to control their aggressiveness (15) (16) (17) . Transgenic models have shown that, for the most part, T cells reactive against peripheral antigens are selected in the thymus much like other T cells are (18) (19) (20) (21) , without the imprints of negative selection that mark T cell populations reactive against antigens expressed in the thymus (22) (23) (24) (25) . Yet these analyses only yield examples of the fates of individual T cell receptors (TCRs), reflecting a single affinity for self. It would be desirable to track broader populations, but the analysis has suffered from the absence of tools that would allow, in nontransgenic animals, side-by-side comparison of T cell repertoires between susceptible and resistant individuals. The advent of MHC multimer reagents, with which TCRs of particular specificities can be detected, now offers this possibility (26, 27) .
Several autoreactive T cell clones isolated from diabetic NOD mice have been shown to be pathogenic in transfer experiments (28) (29) (30) (31) (32) (33) . BDC-2.5 is the best characterized of these clones. BDC-2.5 was derived from a diabetic female NOD mouse and was shown to greatly accelerate disease when transferred to young animals (30) (31) (32) . This CD4 + Th1 clone displays a Vβ4/Vα1 (AV1S5) TCR heterodimer (34) . BDC-2.5 is restricted by A g7 , the lone MHC class II molecule of NOD mice (4, 5) . The nature of the presented antigen is still unknown, although it has been shown to be associated with the membrane fraction of β granules (35) . Mice transgenic for the BDC-2.5 TCR show a robust positive selection of CD4 + cells in the thymus. These are then exported, naive and fully reactive, to peripheral lymphoid organs. Infiltration of the pancreatic islets is precocious and synchronized (18) . It seems, in this transgenic mouse, that the regulatory genes (36) , molecules (37) , cells (36) , or intercellular milieu (38, 39) that modulate the progression to diabetes all act at a peripheral level, affecting the damage wrought there by the BDC-2.5 T cells, rather than the thymic control of their maturation.
We decided to use the BDC-2.5 system to test directly for the presence of autoreactive T cells, in nontransgenic animals, that might share the same antigenic specificity. Thus, an MHC-mimetic peptide with high agonistic activity for BDC-2.5 T cells (40, 41) was complexed to the A g7 molecule in an MHC multimer molecule (26, 27) . Tetramers of this A g7 /mimotope complex did prove specific for BDC-2.5 T cells. Strikingly, in NOD mice, they labeled a "natural" A g7 /BDC-2.5 mimotope-reactive population, whose fate we could track. This report demonstrates the unique role of the MHC susceptibility genes in selecting this specificity.
Methods
Antibodies, hybridomas, and T cell lines. T cell hybridomas BDC-2.5 and R28 have been described elsewhere and were maintained in RPMI-1640/10% FCS (30, 42) . BDC T cell clones were maintained in culture by successive rounds of stimulation with β cell granule membranes from β cell tumors as a source of antigen and γ-irradiated NOD splenocytes as APCs as described previously (31, 35) . T cell clones were restimulated with β cell granule membrane protein for 4 days and expanded in the presence of IL-2 prior to staining. All antibodies mentioned in this study were obtained from BD Pharmingen (San Diego, California, USA). Vβ TCR-specific antibodies were directed against Vβ's 2, 3, 4, 5. Vβ4, 5′-AAAAAATATAGGTACCGAATTCGGAATGGGCTC-CATTTTCCTCAG-3′; Cα, 5′-AAAAAATAAGAATTCGGTAC-CGAAATGCATTCCTTACATGTTTCACTAGTG-3′; and Cβ, 3′-TTTATTTTGTCGACTCAACTGGACCACAGCCT-CAGCGT-5′) were used for cDNA synthesis and PCR amplification, respectively. PCR products were subcloned into pCR2.1-TOPO cloning vector (Invitrogen Corp., Carlsbad, California, USA), sequenced, and subcloned into the metallothionein promoter-based fly expression vector pRMHa3 (45) . Each of the final constructs coded for the α1α2 and the β1β2 domains, respectively, followed by a linker sequence (SSADL), a thrombin site (LVPRGS), a leucine zipper (acidic for the α chain, basic for the β chain) (46) , and a hexahistidine tag. Vectors were transfected into SC2 cells, and stable cell lines and clones were established. Soluble TCRs were purified from culture supernatants as described previously (47) . The generation of A g7 /peptide complexes has been previously reported in detail (6, 13) . The A g7 /2.5mi and A g7 /GPI molecules bear the sequences AHHPIWARMDA and LSIALHVGFDH, respectively. The biotinylation sequence no. 85 from Schatz (48) follows the acidic zipper on the α chain. Biotinylation of purified molecules was performed according to the manufacturer's instructions (13) . Biotinylation was measured by immunodepletion on streptavidin-agarose beads and subsequent analysis by SDS-PAGE and scanning. Biotinylated molecules were tetramerized at 4°C overnight using phycoerythrin-labeled (PE-labeled) or APC-labeled streptavidin (BioSource International Inc., Camarillo, California, USA; and ProZyme Inc., San Leandro, California, USA), with a 5:1 molar ratio of biotinylated molecules to labeled streptavidin.
Cell preparation, cell staining, flow cytometry analysis, and adoptive transfer. Single-cell suspensions were prepared by mechanical disruption of the corresponding organs in HBSS buffer, and erythrocytes were removed by lysis. Cells were washed in FACS buffer (PBS containing 2% FCS and 0.04% NaN 3 ) and incubated with 0.5 mg/ml of streptavidin and Fc block in FACS buffer for 1 hour at room temperature. Cells were then washed once and stained with PE-labeled MHC/peptide tetramers at a final concentration of 10 µg/ml in FACS buffer for 1 hour at room temperature. For costaining of surface markers, APC-anti-CD4, FITC-anti-CD3, FITC-anti-CD44, PerCP-anti-B220, and PerCP-anti-CD8 from BD Pharmingen were used, as well as PE-Cy7-anti-CD8 and PE-Texas red-anti-CD45R (B220) from Caltag Laboratories Inc. (Burlingame, California, USA). Exclusion of dead cells was done by addition of 0.1 µg/ml of Hoechst 33342 (Molecular Probes Inc., Eugene, Oregon, USA) or propidium iodide. Flow cytometry was performed using a FACSCalibur instrument (Becton Dickinson Immunocytometry Systems, Mountain View, California, USA) at The Scripps Research Institute or a MoFlo instrument (Cytomation Inc., Fort Collins, Colorado, USA) at the Joslin Diabetes Center, and the data were analyzed using either CellQuest software (Becton Dickinson Immunocytometry Systems) or Summit software (Cytomation Inc.). Staining of T cell hybridomas and T cell clones with MHC tetramers was carried out in the same way. For cell transfer experiments, NOD splenocytes were stained the same way, sorted on a high-speed cell sorter, and injected intravenously into 4-week-old RAG o/o /NOD mice (with no irradiation).
Generation of T cell hybridomas. Lymphocytes were isolated either from pancreatic lymph nodes (PLNs) of naive 8-week-old NOD females or from popliteal LNs 8 days after immunization in tail and footpads with 2.5mi peptide in CFA. Cells were stimulated with concanavalin A for 3 days and subsequently fused with BW5147αβ -lymphoma cells. Hybridomas were stained with 2.5mi tetramer, and single cells were cloned by FACS.
T cell activation assay. Ninety-six-well flat-bottomed plates (Corning Inc., Corning, New York, USA) were coated with serially diluted MHC/peptide complexes in PBS overnight at 4°C and washed three times with PBS. T cell hybridomas were washed twice in PBS, resuspended in complete DMEM, and added at 5 × 10 4 cells per well in 200 µl, for 24 hours at 37°C. Alternatively, hybridomas were incubated with β cell granule membranes from β cell tumors as a source of antigen, or with purified pancreatic islets in the presence of γ-irradiated NOD splenocytes as APCs. Supernatants were harvested, and IL-2 production was determined using the IL-2-dependent cell line NK.
Surface plasmon resonance. A Biacore 2000 instrument (Biacore Inc., Piscataway, New Jersey, USA) was used to determine interactions between purified MHC/peptide complexes and TCR molecules. BDC-2.5 TCR was immobilized by amine-coupling chemistry on a CM5 research-grade sensor chip. Surface densities for individual experiments are indicated in Immunocytochemistry. Immunocytochemistry was performed essentially as previously described (50) . Briefly, organs of interest were removed, embedded in TissueTek OCT compound (Sakura Finetek USA Inc., Torrance, California, USA), and immediately frozen on dry ice. Sections of 6 µm thickness were cut at -16°C on a microtome (Cryocut 1800; Reichert-Jung, Leica Microsystems, Bannockburn, Illinois, USA). Staining was performed at 4°C. Sections were incubated with APC-labeled A g7 tetramers (5 µg/ml in PBS containing 2% FCS) and a rat anti-CD4 antibody (L3T4) for 15 hours. Sections were then washed briefly with PBS and fixed with paraformaldehyde. After 3 hours of incubation with a rabbit anti-APC antibody (Biomeda Corp., Foster City, California, USA), the signal was amplified by staining with a Rhodamine Red-X-conjugated goat anti-rat antibody and a Cy5-labeled goat anti-rabbit antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, Pennsylvania, USA). Insulin was detected on paraformaldehyde-fixed sections by successive incubation with a guinea pig anti-insulin antibody (DAKO Corp., Carpinteria, California, USA) and a FITC-conjugated anti-guinea pig antibody. Staining was visualized using a Bio-Rad MRC1024 laser scanning confocal microscope (Bio-Rad, Hercules, California, USA) fitted with a krypton/argon mixed-gas laser (excitation at 488 nm, 568 nm, and 647 nm) using a ×40 oil objective.
Results

Production of functional BDC-2.5 TCR and A g7 /2.5 mimotope complexes.
A surrogate ligand for BDC-2.5 T cells was isolated from a chemically synthesized random-peptide library based on its ability to stimulate BDC-2.5 T cells (41) . We hypothesized that a strong agonistic peptide selected solely on the basis of its biological activity, without prior regard to the affinity of the peptide/MHC complex for the TCR, would be the optimum ligand to construct MHC class II tetramers. The peptide AHHPIWARMDA, hereafter referred to as BDC-2.5 mimotope (2.5mi), was isolated and optimized using this strategy. A fusion MHC β chain/2.5mi peptide was engineered as previously reported (6, 13) . Similar molecules with A g7 -binding peptides from glucose-6-phosphate isomerase ( 282 LSIALHVGFDH 292 , hereafter referred to as GPI) and hen-egg lysozyme ( 11 AMKRHGLDNYRGYSL 25 , hereafter referred to as HEL) were also produced. The A g7 /GPI complex is recognized by the R28/KRN TCR (44, 51) . The A d α chain cDNA was modified at its 3′ end to harbor an acidic zipper sequence followed by the biotinylation sequence no. 85 from Schatz (48) and a histidine tag (46) . Purified molecules were biotinylated using the BirA enzyme and repurified by size exclusion chromatography (Fig-ure 1a) . A g7 /2.5mi MHC molecules were functional when coated onto plates, stimulating BDC-2.5 hybridoma cells to secrete IL-2 ( Figure 1b ). Control A g7 /GPI molecules had no such effect (but did stimulate the R28 hybridoma; data not shown). In parallel, the α and β chains of the BDC-2.5 TCR were cloned by RT-PCR from thymocytes of BDC-2.5 transgenic mice and modified to produce zippered soluble recombinant TCR (47) (Figure 1a) .
The interaction between the recombinant BDC-2.5 TCR and A g7 /2.5mi MHC molecules was measured by surface plasmon resonance using A g7 /GPI MHC molecules as a negative control. Association and dissociation rates were calculated by global fitting from subtracted sensorgrams ( Figure 1c and Table 1 ). The calculated K d was approximately 0.5 µM, whereas equilibrium data gave a value of 4.4 µM at 25°C. These values were relatively low compared with those for most TCR/MHC class II agonistic-peptide interactions (52) , suggesting that the mimotope is a very strong agonistic peptide for the BDC-2.5 TCR in the context of A g7 . Measurements at 37°C showed a slight decrease of calculated K d to approximately 1.5 µM (data not shown). The same MHC molecules were tetramerized with streptavidin and tetramers purified by gel filtration. Over a high-density surface (∼8,000 resonance units [RU]) of immobilized BDC-2.5 TCR, A g7 /GPI tetramers exhibited no binding, whereas A g7 /2.5mi tetramers showed specific binding and an increase of half-life to 22.4 hours compared with 144 seconds for the monomers ( Figure 1 , c and d). These results suggest that the interaction between the A g7 /2.5mi tetramer and the BDC-2.5 TCR is long lasting. The affinity of A g7 /GPI molecules for their cognate TCR was also measured by surface plasmon resonance using recombinant soluble TCR and was evaluated to be approximately 1 µM (T. Stratmann and L. Teyton, unpublished observations).
A g7 /2.5mi tetramers are specific for the BDC-2.5 TCR. A g7 /2.5mi and A g7 /GPI molecules were then tetramerized with streptavidin-phycoerythrin conjugate and the specificity of these reagents was tested against a panel of T cells. First, we stained T cell hybridomas for flow cytometry. As expected, A g7 /2.5mi multimers stained the BDC-2.5 but not the control hybridoma ( Figure  2a ), whereas A g7 /GPI multimers stained only R28 cells (data not shown).
Second, we tested the original BDC-2.5 T cell clone, as well as five other NOD-derived clones that are all specific for β cell antigens (31, 35) (Figure 2b) . A g7 /2.5mi multimers stained specifically both BDC-2.5 and BDC-5.10 T cells, but not any of the other clones. This observation was consistent with the ability of the BDC-2.5 mimotope peptide to stimulate both these clones to produce IFN-γ (data not shown). Finally, we tested our reagent with primary T cells from transgenic BDC-2.5 mice or another A g7 -restricted TCR transgenic mouse, KRN (23) . The staining of naive T cells with MHC class II multimers has been a consistent hurdle for these reagents, and, in our hands at least, most of them failed even though they could stain hybridomas of similar specificity. When splenocytes from a BDC-2.5 trans- genic animal were stained with A g7 /2.5mi multimers and analyzed by FACS, 79.0% of the CD4 + T cells were positive for the A g7 /2.5mi multimers (Figure 2c ), consistent with the known frequency of clonotype expression in these mice (N. Martin-Orozco, unpublished observations). The same reagent was unable to stain T cells from the KRN transgenic mouse used as a control (Figure 2c ). With the nontransgenic NOD control, the staining was also largely absent, but we were intrigued by a small, but clear, population of CD4 + T cells that stained with the same intensity as in the BDC-2.5 transgenic mouse (Figure 2c) .
BDC-2.5-like T cells in the NOD mouse.
Several experiments were performed to ascertain the relevance of the small population of CD4 + T cells that stained with the A g7 /2.5mi multimer (hereafter referred to as 2.5mi + T cells). The 2.5mi + T cells were alive, judging from scatter and vital dye exclusion, and expressed normal levels of CD4 and CD3 (not shown). The staining appeared specific, since it was not observed with control multimers loaded with GPI or HEL peptides (Figure 3a) , which gave frequencies close to the background level (around 0.05% in most of our experiments). No CD8 + T cells of similar specificity were identified (not shown). The genetic control provided by B6 mice (A b haplotype) showed that the 2.5mi + T cells were indeed specific to NOD mice (Figure 3a) . Dual-label experiments were also performed, with two tetramer reagents added together. The 2.5mi + T cells did not bind the GPI tetramer simultaneously, arguing against nonspecific "sticking" of the reagents (Figure 3b) . To verify the responsiveness of these cells, NOD mice were injected subcutaneously with the mimotope peptide in adjuvant. Eight days after immunization, 2.5mi + T cells increased in frequency from about 0.2% to 3.7% in the draining LNs (Figure 3c ), demonstrating that the 2.5mi + T cell population was not anergized but responsive to antigenic challenge. To further demonstrate the specificity of A g7 /2.5mi tetramer staining, we tested the capacity of 2.5mi + CD4 + cells to proliferate in response to homeostatic cues, after transfer into lymphopenic RAG o/o /NOD mice. As shown in Figure 3d , 2.5mi + T cells expanded significantly in these recipients, forming a very distinct population among LN cells 20 days after transfer. Insulitic attack was noted in one of the recipients, but not in all (data not shown), consistent with the requirement for CD8 + cells, and conversely the blockade by other CD4 + cells, in the development of autoimmunity in BDC-2.5 transgenic mice (18, 36) .
To more directly visualize these results, in situ staining was carried out with MHC multimers and anti-CD4 antibodies. To date, only a few reports have mentioned using MHC class I tetramers for immunocytochemical staining (50, (53) (54) (55) , and, to our knowledge, none has used MHC class II multimers. A technique for frozen nonfixed tissues was developed (50) , and antibodyand tetramer-stained sections were analyzed by confocal microscopy (costained with anti-CD4 to identify T cells). In spleen or pancreas sections from BDC-2.5 transgenic mice, clear staining with the A g7 /2.5mi multimer could be identified, coincident with anti-CD4 staining (Supplemental Figure 1 , http://www.jci.org/ cgi/content/full/112/6/902/DC1). In sections from nontransgenic NOD mice, 2.5mi + T cells were also identified in situ by immunocytochemistry (Figure 4) . Typically, we found between one and two 2.5mi + T cells per T cell zone in the spleen (not shown). Interestingly, they were also seen in PLNs and in islets in the infiltrating CD4 + T cell population (Figure 4) . Thus, by all these criteria, the prediabetic NOD mouse contains in its lymphoid organs a small but clearly identifiable population of 2.5mi + T cells that stains specifically with the A g7 /2.5mi reagent, is responsive to antigenic stimulation, and localizes to the expected organs. Life history of the 2.5mi + T cell population. The dynamics of CD4 + /2.5mi + T cells were characterized further by FACS analysis. A representative experiment is shown in Figure 5 , a and b, and compiled data are shown in Figure 5c . 2.5mi + T cells were clearly detectable among mature CD4 + CD8 -CD3 hi thymocytes (Figure 5a ) but not among CD4 -CD8 + CD3 hi cells, as might be expected. These cells colonize the peripheral lymphoid organs: CD4 + T cells in the spleen and subcutaneous LNs also showed clear staining above background, indicating that 2.5mi + T cells are exported and survive efficiently in the peripheral immune system (indeed, expand slightly, when thymus and LN frequencies are compared; Figure 5c ). This proportion increased further in the LNs of the pancreatic group (PLNs) and among pancreas-infiltrating cells, suggesting that they were expanding in response to antigen. The expansion of BDC-2.5-like CD4 + T cells in the pancreas has also been recently observed by You and colleagues using a very similar mimotope/A g7 molecule to identify those cells (56). This expansion and accumulation in the PLN and pancreas was suggestive of activation of the 2.5mi + T cell population by pancreatic antigens, similar to that of BDC-2.5 transgenic mice. This was confirmed by examination of T cell activation markers in the CD4 population and its 2.5mi + T cell subset. As shown in Figure 5d , an increased proportion of CD44 hi cells was found among 2.5mi + T cells in the PLNs of young NOD mice, mirroring BDC-2.5 transgenics. This difference was not observed in bulk CD4 + T cells of the same mice (10% ± 2% and 12% ± 2% of CD44 hi cells in inguinal LN and PLN, respectively). This hallmark of activation was detected, to a lesser extent, in the neighboring superior mesenteric LNs, into which some drainage of the pancreas likewise occurs, but not in the spleen or other LNs unrelated to the pancreas (axillary, iliac, renal, and lower mesenteric), whereas almost no 2.5mi + cells were detected in Peyer's patches (data not shown). These data indicate that the 2.5mi + T cells do share the autoimmune specificity of the BDC-2.5 clonotype.
We were curious whether the percentage of 2.5mi + T cells in the CD4 + T cell population increases with age in NOD females, paralleling the development of insulitis and diabetes. PLNs and iliac LNs were removed from animals ranging from 2 to 16 weeks of age (four animals combined per time point), and the CD4 T cell population was analyzed for 2.5mi + T cells. Frequencies of 2.5mi + T cells varied from 0.05% to 0.15% over the course of the experiment (Figure 6 ). In the PLN, cells were found as early as week 2, and their frequency increased to peak at week 3 or 4. In the iliac LNs, 2.5mi + cells appeared later and climbed to a steady level from week 4 to week 16. The early wave of expansion in the PLN suggests site-specific activation and is also reminiscent of the 3-to 4-week checkpoint 1 that has been described in the 2.5 transgenic mouse (57) . The control GPI-reactive cells remained at background level in both locations for the entire period of the experiment (Figure 6 ).
To further address the islet reactivity of these T cells, we immunized NOD female mice by injection of 2.5mi peptide into the footpads and generated hybridomas from T cells isolated from the draining LNs. A total of 120 hybridoma lines were generated, of which 80 were analyzed for their reactivity to coated peptide/MHC complexes and to free peptide in the presence of APCs, as well as by FACS analysis for staining with 2.5mi tetramers ( Table 2, Table 3 , and Figure 7a ). About half of the lines were negative in both assays. Out of 39 and 38 lines, respectively, that tested positive for either reactivity toward coated peptide/MHC complexes or staining by FACS, 22 clones were positive in both assays. With three exceptions, there was a clear positive correlation between IL-2 secretion and intensity of tetramer staining (data not shown). Of the remaining clones, about half tested positive in the activation assay, whereas the other half were only positive in the FACS analysis. However, staining by FACS of these clones was very low (medium fluorescence intensity [MFI] < 10 vs. 7 for the negative control). Double-positive lines were tested for islet reactivity. Of those clones, only one (clone A162.7) tested clearly positive (Table 3 and Figure 7c ).
However, immunization with peptide could lead to the preferential selection of T cell specificities distinct from the fine specificity inherent to the original BDC-2.5 clone. To better understand the natural 2.5mi + T cell population, we generated another set of T cell hybridomas, from PLNs of naive animals. One hundred fifty-three lines were generated, and tetramer-positive cells were sorted by FACS and cloned. Ninety-nine clones were generated in such a way and reanalyzed by FACS for staining with the 2.5mi tetramer. Of these clones, 40 tested positive, with MFIs ranging from 17 to 138, indicating the heterogeneity of these clones in terms of avidity. (MFI > 10 defined positive clones, and MFI < 2 defined negative clones. TCR expression was identical for all clones.) Twenty-five of these clones were analyzed for IL-2 secretion in an activation assay using coated peptide/MHC complexes ( Figure  7b ). All clones positive for tetramer staining secreted robust amounts of IL-2 (<200,000 counts for 95% of the clones in an NK assay, 1,500 counts for the negative control; Table 3 and data not shown). A selection of clones (with different MFIs) was further analyzed for their reactivity toward peptide and islets in the presence of APCs (Figure 7b and Tables 2 and 3 ). Most of the clones responded toward the peptide, though some of them with a much lower functional avidity than others (IC 50 ranging from 0.0003 to >10 µg/ml). We analyzed 14 clones for their reactivity to islets. Six of these clones showed reproducibly various degrees of IL-2 production (between 8% and 38% compared with BDC-2.5; Table 3 and Figure 7 ) as compared two five negative clones included in each experiment (a representative clone, A64, is shown in Table 3 and Figure 7 ). The Vβ TCR usage of the various clones, analyzed by FACS ( Table 2 and Table  3 ), was as diverse as the staining and reactivity toward peptide, pMHC, and islet antigen. The fact that some of these clones reacted to both peptide and islet antigen indicated strongly that the cross-reactivity between the 2.5mi peptide and a pancreatic antigen extended beyond the sole BDC-2.5 T cell to other 2.5mi-reactive T cells. These results confirmed a previous observation on the cross-reactivity of six islet-reactive, diabetogenic T cell clones with the same or similar mimotopes (41) . As for the hybridomas, these clones were heterogeneous in terms of Vα/Vβ usage and dose-response curves. They also indicate that the anti-2.5 antigen CD4 + T cell response is diverse in terms of repertoire and range of functional avidity.
2.5mi + T cells are present in H-2 g7 mice with diabetes-resistant genetic backgrounds.
What is required for the selection of 2.5mi + T cells? Do they represent defective negative selection, imparted by the diabetes-susceptibility alleles of the NOD background (15), or do they only require the presence of the A g7 molecule for their selection? To test the relative contribution of MHC and background genes, we analyzed B6.H2 g7 and NOR, two congenic strains that carry the same H-2 g7 MHC haplotype as the NOD mouse but differ in other background loci. Both are fully resistant to diabetes. The 2.5mi + CD4 + T cells were easily detectable in lymphoid organs of these congenic mice. Their tissue distribution (Figure 8a ) and numbers ( Figure 8b ) were very comparable in the three H-2 g7 strains. Although frequencies in NOR mice tended to be slightly lower, the peripheral expansion in PLNs was always present, and, upon immunization, the expansion of 2.5mi + cells was as important as the one seen on the NOD background (Supplemental Figure 2 , http://www.jci.org/cgi/content/full/112/6/902/DC1). Furthermore, signs of antigen-specific activation were also present in the congenic mice: the increased frequency in PLNs (Figure 8b) , and the increased frequency of CD44 hi cells in the PLN (more pronounced in the B6.H2 g7 animals) (Figure 8c) . Again, the B6 mice used as a control showed no such populations. As for NOD mice, 2.5mi + T cells expanded after peptide immunization with the 2.5 mimotope in NOR mice, arguing against anergy of this cell population in a diabetesresistant background (Supplemental Figure 2 , http://www.jci.org/cgi/content/full/112/6/902/DC1).
These observations allow three key conclusions: (a) MHC alleles of the H-2 g7 haplotype are necessary and sufficient for the selection of the 2.5mi + T cells; (b) negative selection of 2.5mi + T cells is identical in susceptible or resistant mice; and (c) 2.5mi + T cells are activated in pancreas-draining LNs regardless of the genetic background and diabetic status of the mouse.
Discussion
The MHC multimer reagent, with its highly efficient binding to the BDC-2.5 TCR, offers a glimpse of the development of a "normal" repertoire of T cells reactive against a peripheral antigen. One question must be addressed at the outset. The BDC-2.5 TCR confers reactivity to a uniquely pancreatic antigen and cross-reacts with the AHHPIWARMDA mimotope analog. The 2.5mi + population of CD4 + T cells binds the mimotope, but does that necessarily imply that it recognizes the original BDC-2.5 pancreatic antigen? This was not a foregone conclusion, as T cells are broadly cross-reactive but T cells of identical specificity need not share cross-reactive recognition (58) . Here, the phenotype of 2.5mi + T cells in the PLN provides a decisive clue: activation of a substantial proportion of the cells is seen quite exclusively in the PLN. We and others (57, 59) have shown that activation of pancreas-specific transgenic TCRs occurs solely in the draining PLN. That a substantial proportion of the 2.5mi + T cells is also specifically activated in that LN shows these to be also reactive to a pancreas-specific antigen, and thus most likely to the BDC-2.5 antigen itself. We further confirmed this hypothesis by characterizing a series of tetramer-positive T cell hybridomas.
All the cells that we tested were reactive toward the 2.5 peptide, the recombinant peptide/MHC molecules, and pancreatic islets cells, confirming the cross-reactivity between the mimotope peptide and the islet antigen seen in BDC-2.5. This cross-reactivity had been previously established by characterization of mimotopes for six diabetogenic T cell clones isolated in two separate laboratories (41) . All clones reacted against mimotopes retaining the central P5 tryptophan residues and common P6-P9 segments. Optimization of reactivity was achieved by changing of P2 and P3 residues. All six clones had different Vα/Vβ pairing, and three of them were activated by the mimotope that we used in the present study. The BDC-2.5 mimotope published by Judkowski et al. (40) shares the same characteristics (similar P5-P9 segment, variation at P2 and P3) and was shown to be cross-reactive with our mimotope by induction of a similar 2.5mi + cell expansion after immunization (data not shown). The relative variability of the N-terminal part of the mimotope suggests that the 2.5mi + population will be more variable in its Vα usage than in its Vβ usage. This assumption is supported by the initial TCR usage characterization that we have 
Figure 6
Time course analysis of 2.5mi+ T cells in naive NOD females. PLNs and iliac LNs (ILLNs) were removed and analyzed for 2.5mi+ T cells at the indicated ages. Harvested lymphocytes were pooled from four animals before analysis.
done on the 2.5mi + population (Supplemental Figure 3 , http://www.jci.org/cgi/content/full/112/6/902/DC1). Altogether, these data strongly suggest that BDC-2.5 and 2.5mi + T cells indeed recognize a common antigen, and that the usage of mimotope is warranted for the identification of T cell populations. That T cells with an autoimmune specificity can exist in a healthy individual has been observed previously (43, 60) . On the other hand, the very number of these 2.5mi + T cells was the first surprise. Even if more recent sequencing reports (61) have downgraded the size of the effective T cell repertoire from the 10 13 originally predicted (62), the combinatorial arrangements that can make up a repertoire are such that one would not have expected nearly 0.5% of CD4 + cells to bind a single MHC/peptide complex. Indeed, for other tetramer analyses, the precursor frequency in the naive repertoire was considerably lower, often not detectable but estimated to be in the range of 1 or fewer in 20,000 (27, (63) (64) (65) (66) . The frequency is already high at the outcome of thymic selection (0.18% on average) and is reflected in the naive cells of peripheral LNs (0.25% on average). In the present instance, the overrepresentation is not due to any particular Vα/Vβ combination, as the αβ composition of the 2.5mi + T cell repertoire is broad (T. Stratmann, unpublished observations). The overrepresentation is also reminiscent of "canonical" TCRs that dominate the response to particular antigens (67) , which have been suggested to correspond to selection and maintenance on particular MHC/peptide combinations. The peculiarity, in the case of the 2.5mi + T cell population, is that this overrepresented specificity corresponds to an autoimmune clonotype. One might hypothesize that the mimotope yields a "promiscuous" surface, able to bind a variety of TCRs.
From a practical standpoint, the present observation could also mean that the prediction or early detection of diabetes based on the identification of antigen-specific T cells in at-risk patients will be difficult. If, as for the 2.5mi + specificity, frequencies are roughly the same in peripheral lymphoid organs of at-risk and healthy individuals (the human counterparts of high-risk NOD and resistant B6.H2 g7 mice), the sheer number of islet-reactive T cells in blood or nonpancreatic LNs may not be a good indicator of disease activity. This would be consistent with the difficulty in reproducibly distinguishing patients from controls in antigen-specific proliferation assays.
The most far-reaching conclusion that can be drawn from the present study is that the diabetessusceptible H-2 g7 MHC haplotype, not the background genes, determines the selection of this autoimmune repertoire. Several lines of evidence have suggested that the genetic composition of the NOD mouse favors inefficient central tolerance, leading to the emergence of an autoimmune repertoire (14, 15) . This is clearly not the case for this specificity, as the 2.5mi + T cells share similar frequencies of thymic selection and peripheral representation on the NOD, B6, or NOR background. Only H-2 g7 is required. On nonsusceptible B6 and NOR backgrounds, 2.5mi + T cells are fully reactive, as shown by their specific activation in the PLN (Figure 8 ) or by peptide-injection experiments (not shown).
But then why are NOR or B6.H2 g7 mice not insulitic and diabetic? Where do background genes come into play to control diabetogenesis? Clearly, these strains can select an autoreactive repertoire of competent 2.5mi + T cells. We cannot rule out fine affinity differences in NOD versus other backgrounds, but the cells do appear similar in numbers, staining intensity, activation potential, and repertoire bias. Further, they are activated in the PLN in all strains, indicating that their presence and activation there is not pathogenic by itself. The implication is that NOD background genes are peculiar in how they allow the consequence of autoimmune selection and activation to play out after autoantigen recognition: subtle phenotypic differences imparted by APCs, which allow the activated T cells to become fully aggressive; differences in regulatory T cell populations that control the initial response; differences in tissue infiltration. That NOD background alleles play a role by perturbing secondary immunoregulation has been proposed previously (3, 17, 43) , and the notion is consistent with the fact that the recognized idd regions contain immunoregulatory loci: the costimulation complex on chr1, and the IL-2 locus (10).
Indeed, the present observations with 2.5mi + T cells reproduce, to a striking extent, the behavior of the T cells in the original BDC-2.5 transgenic mice: robust positive selection in the thymus unencumbered by any signs of negative selection, export to the periphery in large numbers, and PLN-specific activation, all occurring with a similar independence from background genes (18, 43, 57) . The present observations thus reinforce the validity of the transgenic system in analyzing immunoregulatory pathways. There is one apparent paradox: while BDC-2.5/B6.H2 g7 transgenic mice progress to diabetes quite readily (in fact more efficiently than mice on the NOD background) (43), B6.H2 g7 mice never do. If they share, at least in part, the same specificity as BDC-2.5 cells, why do 2.5mi + T cells not generate disease? The difference likely resides in the sheer numbers of clonotype-positive cells in the transgenic mouse, where allelic exclusion strongly limits the number of regulatory cells. Accordingly, the aggression of diabetes in the transgenic mouse is correlated with the number of nonclonotypic cells and is far greater if the mouse is crossed onto a RAG-deficient background (36) . Here again, the difference between pathogenicity and nonpathogenicity may lie in the regulatory environment, rather than in autoimmune cells themselves. MHC haplotypes that confer susceptibility to particular autoimmune diseases can be thought of in two different ways. First, they may favor an autoimmune repertoire by inefficient negative selection of unwanted specificities; because of poor or promiscuous binding of self-peptides imparted by the unusual structure of MHC-II molecules devoid of an Asp residue at β-57, specificities that are normally negatively selected would appear in the repertoire (12, 68, 69) . On the other hand, one can also imagine that susceptible alleles play their role by positively selecting a repertoire reactive against a particular self-antigen. The binding of the similar immunodominant epitopes of islet antigens by A g7 and DQ8 argues in favor of such a view (70, 71) . Indeed, the DQ8 molecule can positively select the BDC-2.5 transgenic TCR (72) . Here, the 2.5mi + T cells are selected in high numbers in the thymus, in a manner solely dependent on the susceptible MHC haplotype. Of course, we cannot rule out that H-2 b molecules select a parallel, A b -restricted population that recognizes the same antigen. Yet it is striking that the diabetes-susceptible H-2 g7 haplotype can select such an abundant repertoire reactive to pancreatic self. MHC-II molecules were first identified by their capacity, as immune response genes, to present defined foreign antigens and allow the selection of a repertoire that can recognize them (73) . Some alleles may selectively bring forth a repertoire targeted to self.
